We report on damage-free fiber-guidance of milli-Joule energylevel and 600-femtosecond laser pulses into hypocycloid core-contour Kagome hollow-core photonic crystal fibers. Up to 10 meter-long fibers were used to successfully deliver Yb-laser pulses in robustly single-mode fashion. Different pulse propagation regimes were demonstrated by simply changing the fiber dispersion and gas. Self-compression to ~50 fs, and intensity-level nearing petawatt/cm 2 were achieved. Finally, free focusingoptics laser-micromachining was also demonstrated on different materials.
Introduction
The last decade witnessed a remarkable progress in ultra-short pulse (USP) lasers whereby optical pulses with durations in the sub-picosecond regime, peak-power levels higher than the Giga-Watt, and repetition rate higher than MHz are now delivered in compact tabletop and turn-key physical packages. Such an achievement contrasts with the lack of an adequate means to transport USP laser beam with no temporal or modal distortions. Today, the need for optical-waveguide to deliver USP in a robust and flexible fashion over several meter-long optical path with low attenuation is as pressing as ever as the USP technology is proving to be a transformative driver in materials micro-processing for applications as various as biophotonics [1] , micro-machining [2] and micro-surgery [3] . Indeed, the unique properties of USP lasers, such its athermal material ablation characteristics, provide higher precision micro-machining in a variety of materials whilst minimizing the size of the heat affected zone [4] . These in turn are now exploited in the semiconductor industry, glass engraving, automobile and plastic electronics [5] . They are also proved to be highly useful for performing complex or delicate surgical procedures such in ophthalmic applications [6] , dentistry [7] or otology [8] .
A further boost to such accomplishments would be to deliver the USP laser beam in a flexible optical fiber whilst preserving the pulse power-level and temporal profile integrity during the propagation. Hitherto, the maximum USP energy level that could be guided in optical fibers is limited to nano-Joule for silica-core based optical fiber, and to a few microJoule for photonic bandgap (PBG) guiding hollow-core photonic crystal fiber (HC-PCF) [9] . The pulse-energy limit in solid conventional optical fiber is set by the intrinsic catastrophic material damage of the silica [4] . The limitation of PBG guiding HC-PCF is mainly due to the strong optical overlap of the core guided mode with the silica core surround [10] . This effect is exacerbated near the anti-crossing spectral range between the surface modes and the core modes [11] . In addition to the material damage limit, the fiber optical nonlinearity and dispersion are two further major limiting factors in USP waveguiding and delivery as they strongly distort the pulse temporal profile. Indeed, pulses propagating through silica will rapidly spread out due to the normal group-velocity dispersion of the material (case of wavelength below 1300 nm). As the pulse energy increases to few nano-Joule levels, there will be an additional contribution to the spreading from the Kerr and Raman responses of the medium, which will lead to spectral broadening and yet greater dispersion. Within the abovementioned framework, recently, up to 100 µJ energy pulses of 850 fs from a USP laser operating around 1550 nm were delivered through a 40 dB/km transmission loss hypocycloid core Kagome HC-PCF, and self-compression down to 300 fs was demonstrated [12] . These results were achieved thanks to the intrinsic properties of the guidance mechanism (coined inhibited coupling), which distinguishes from PBG guiding HC-PCF with ultra-low spatial overlap with silica and low group velocity dispersion [13] . Particularly, it was found that these performances can be further decreased by the introduction of hypocycloidal core-shaped Kagome fibers [14, 15] . A systematic study on this curvature effect has recently been investigated resulting in an impressive 17 dB/km record loss value at 1 µm [16] .
Here, we report on a set of experiments that demonstrate the capabilities of the hypocycloid core-shaped HC-PCF as a novel photonic platform for high-field nonlinear optics, for ultra-low loss, low temporal distortion USP guidance with unprecedented energylevel, and finally, for laser micro-machining. The paper is structured as follow. Firstly, we describe the different fibers and configurations used to demonstrate the linear properties of the USP guidance in such fibers, and which led to the record transportation of milli-Joule energy pulses of ~600 fs duration operating around 1030 nm, in a robustly single-mode fashion over up to 10 m-long hypocycloid-core Kagome HC-PCF with loss figures as low as 45 dB/km. Secondly, we investigate these fibers to demonstrate some of the nonlinear optical dynamics for the pulse propagation in fiber that are possible by simply adjusting the fiber dispersion, effective area and/or the choice of the filling gas. Here, we show that USP can be guided in a regime with a minimum temporal distortion and in a self-compression regime. For the latter regime, a self-compression down to less than 49 fs was measured, and output peak intensity nearing the petawatt/cm 2 was achieved. Finally, a flexible laser micromachining on glass, metal and semiconductor materials was demonstrated using USP laser beam that is delivered directly from the fiber output tip.
Fabricated HC-PCF linear properties and USP power-handling
7-cell and 19-cell hypocycloid core-shaped Kagome cladding lattice HC-PCFs were fabricated using the stack-and-draw technique. The fiber drawing parameters were set to have a fiber core contour with enhanced negative curvature [16] and to operate around the wavelength of 1030 nm. Figure 1 summarizes the physical and optical properties of the two fibers. The 19-cell hypocycloid-core Kagome HC-PCF exhibits a hypocycloid-core contour with an inner core diameter of 80 µm, corresponding to a mode field diameter (MFD) of ~64 µm. The 7-cell hypocycloid-core Kagome HC-PCF has an inner diameter of 55 µm (i.e. a MFD of ~44 µm). Both fibers have a silica strut thickness quite thick, 780 nm and 1300 nm respectively for the 19-cell and 7-cell designs, and a curvature parameter b (see definition in [16] ) optimized and close to 1. The estimated numerical apertures (NA) for the 19-cell and 7-cell fibers are 0.012 and 0.018 respectively. Figure 1 shows, for the 900-1300 nm spectral range, the spectra of the measured transmission loss (solid blue curves), the calculated waveguide group velocity dispersion (GVD) (dashed black curves), and the guided fundamental core mode optical-power overlap (PO) with the cladding silica (dot-dashed blue curves). The GVD and the PO were calculated numerically using finite-element-method with optimized perfectly matched layer [17] . Around our operating laser-wavelength of 1030 nm, the 19-cell and 7-cell fibers respectively exhibit ~200 dB/km and 45 dB/km of measured loss. The GVD was found to be + 0.8 ps/nm/km and −16 ps/nm/km for the 19-cell and 7-cell fibers respectively. Of noteworthy are the staggering PO figures of 2.8x10 −6 and 4.7x10 −5 for the 19-cell and 7-cell fibers respectively, which are several orders of magnitude lower than the PBG guiding HC-PCF [10] . All these characteristics make of these fibers an ideal medium to explore propagation of ultra-short duration and ultra-high power laser pulses. Moreover, the option to fill the hollow-core by an adequate choice of the gas gives a further room of maneuver to control the fiber dispersion and nonlinear coefficient as we demonstrate it below. Figure 2 summarizes the first set of experiments, and during which the linear properties of the transmission of ~600 fs pulses through the two HC-PCF types were investigated. The pulses are emitted from an Yb-based laser at repetition rate of 1 kHz and can have a maximum energy of 1 mJ. Several fiber configurations were considered to inspect the USP transmission performance and the quality of the modal content of the fiber output laser beam. The configurations comprise 3 m long and 10 m long sections from the two above-mentioned HC-PCF and were used with their core either exposed to the ambient air (air-filled configuration) or filled with helium (He-filled configuration).
The transmission results show that for He-filled 19-cell core HC-PCF a maximum of 700 µJ is transmitted when the input energy is 1 mJ (see blue solid curve in Fig. 2(a) ). This level of pulse energy was achieved over several runs spaced by several hours, and with no observable damage to the fiber or degradation in the transmission coefficient. It is noteworthy that the corresponding maximum input fluence achieved here is 32 J/cm 2 , which is more than one order of magnitude than the catastrophic damage threshold of the silica with subpicosecond laser pulses [4] . To our knowledge, this is the first time that such energy level from femtosecond laser pulses can be transmitted through a single optical fiber. The corresponding intensities will be discussed below when the pulse temporal profiles are recorded. Furthermore, these transmission results show a strong dependence with the fiber configuration. This is illustrated by the difference in the transmission coefficient between 19-cell fiber configuration, which reaches 75%, and that of 7-cell HC-PCF configuration, which doesn't exceed 10% in the case of air-filled fiber, and 40% for He-filled for pulse-energies higher than 600 µJ. Such a drop in transmission coefficient with fiber-diameter decrease, and/or with the nature of the filling gas is resulted from the gas photoionization and the subsequent plasma absorption. Indeed, at the fiber input, the air ionization intensity threshold of 40 TW/cm 2 is reached at pulse energy of less than 300 µJ. This qualitatively agrees with the transmission curve through the 10 m long air-filled 7-cell HC-PCF (black open circle and dashed line in Fig. 2(a) ), which shows a drop in the transmission slop for energies higher than 100 µJ. The pulse energy, at which the onset of such a drop in the transmission-coefficient occurs, increases when the fiber core is filled with helium and/or the fiber effective area is increased, as it is readily shown in Fig. 2(a) . As a matter of fact, as it is mentioned above, with He-filled 19-cell HC-PCF, one could guide 800 µJ with no significant drop in the transmission coefficient relative to lower pulse energies. This is explained in the 5 times higher ionization threshold intensity compared to the air-filled 7-cell HC-PCF (see Table 1 ). Also, several measurements were done with the same fiber and no observable damage to the fiber inside-structure despite guiding pulses with fluence levels that are orders of magnitude larger than that of the filling-gas photoionization. More remarkably, in the different fiber configurations, the light is guided in a single mode fashion for the whole laser energy-range as indicated in Fig. 2(b) . The figure shows the far field output beam profiles from He-filled 7-cell and 19-cell HC-PCF for different input energies. The profiles indicate a robust single modedness for the whole input pulse energy range. This is further corroborated with Fig. 3 which summarizes the bending loss properties of these fibers. For the 7-cell design, the measured fundamental core-mode near-field (NF) and M 2~1 .2 remain unchanged even for bend radius as small as 3.5 cm. For the case of the 19-cell fiber (not presented), the bending insensitivity is not as strong as the 7-cell fiber as expected due to the enlarged core size. Table 1 shows some of the relevant physical parameters for the nonlinear optical dynamics that could affect the USP guidance in the different HC-PCF configurations mentioned-above. It is readily noticeable that by simply changing the fiber configuration, one could dramatically alter these parameter ranges, and thus the propagation dynamics. For example, the dispersion length could be enhanced from 28 m for the He-filled 7-cell HC-PCF to almost 600 m for airfilled 19-cell HC-PCF. In order to demonstrate experimentally that this type of HC-PCF could indeed be an excellent and original platform to explore different high field nonlinear optical phenomena, a second set of experiments was performed. Here, the spectral and temporal characteristics of the transmitted pulses with different energies were measured with different HC-PCF parameters. Three distinct propagation regimes have been identified and explored by simply controlling the following: the filling gas, the fiber dispersion regime and the hollow-core size (19-cell or 7-cell HC-PCF design). The first regime corresponds to high-energy USP delivery with minimum temporal and spectral distortion. Consequently, a 19-cell HC-PCF has been selected for its large core to reduce the nonlinear coefficient 2 0 / eff n cA γ ω = Here, 2 0 , , eff n A ω and c are the fiber core nonlinear refractive index, angular frequency of the operating laser, fiber effective area and the light speed respectively. The fiber is filled with helium (3 bar at the output fiber end and 1 bar at the input end) because of its smaller nonlinear-index coefficient compared to other gas-phase media such as air, and thus to reduce further γ [12] . The gas loading is undertaken using the set-up described in [19] , with the difference that one of the fiber end is left open to the ambient air. For this configuration, the nonlinear coefficient is in the range of 10
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, which is 6 orders of magnitude lower than silica core fiber with comparable effective areas, and corresponds to nonlinear length, , in excess of 1 m even for peak power P p at GW level (see Table 1 ). Also, the use of the 19-cell HC-PCF allows a very small GVD and hence very limited temporal broadening (see Fig. 1(b) ). Indeed, at our operating wavelength, the GVD was calculated to be + 0.8 ps/nm/km, corresponding to The pulse propagation through the gas filled fiber was then simulated using the so-called forward Maxwell equations, which is a first-order propagation equation for the electric field, without using the slowly-varying envelope approximation [20] . In the linear part of the propagation operator, the effects of linear dispersion to all orders as well as wavelengthdependent loss were included. The data on waveguide dispersion and waveguide loss were taken from the measurement, while the dispersion of the filling gas was modelled by Sellmeyer-type formulae. The nonlinear part of the propagation accounted for the effect of the self-phase modulation including soliton-type behavior, self-steepening, third harmonic generation, the loss of energy for the formation of plasma, as well as the time-dependent change of the refractive index due to plasma. The ADK model for the photoionization rate was utilized in the simulation [21] . Here, we have taken the ionization potentials of the main constituents of air, nitrogen and oxygen to be the same. Since the experimental research has demonstrated negligible energy transfer to the higher transverse modes of the waveguide, single-mode propagation was assumed in simulations. Figure 4(b) shows the calculation results for the 19-cell He-filled HC-PCF configuration. A good qualitative agreement with the experimental results is obtained, indicating the presence of spectra broadening due to SPM scaling linearly with the energy. Notice that the computations were running for energy higher than our experimental limit imposed by the laser performances in order to have more visibility on the dynamics. Figure 5 shows the same data as in Fig. 4 , but for the case of 19-cell air-filled HC-PCF. In other word, the previous 3 m-long piece of 19-cell HC-PCF is conserved with only the filling gas has changed from helium to air. According to Table 1 , while the dispersion does not change significantly between the two fiber configurations, the nonlinear length, the selffocusing critical power and the ionization threshold intensity strongly differ. This change is reflected in the obtained spectra ( Fig. 5(a) ) and autocorrelation traces (Fig. 5(c) ), which contrast with the ones of 19-cell He-filled HC-PCF. A solitonic regime is clearly observed for energy higher than 100 μJ, and which is associated with the appearance of a strong peak that red-shift relative to the pump with increasing input energy. This solitonic dynamics is further illustrated in Fig. 5(c) , which shows the measured pulse duration evolution with the input pulse energy. The figure shows a strong self-compression for input pulse energies lower than 450 µJ, and minimum pulse duration of 49 fs is obtained with output energy of 280 µJ. The corresponding peak intensity reaches ~0.2 PW/cm 2 (i.e. peak power of ~6 GW), which is over three orders of magnitude higher than the one reported in PBG guiding HC-PCF [22] . In addition, the modeling presents a similar trend with the formation of a solitonic wave and its red-shifted spectra until to its fission into multi high-order solitons for energy scaling up to 300 µJ (Fig. 5(b) ). Furthermore, Fig. 6 shows an animation of the auto-correlation trace evolution as we increased the input energy for 1.5 m long 19-cell air-filled HC-PCF. The selfcompressed auto-correlation traces show the presence a very narrow peak along with a broader pedestal which is the typical signatures of a soliton and the residual the pump pulse respectively.
Finally, a third nonlinear optical regime was obtained with a 10 m-long 7-cell He-filled HC-PCF working under normal dispersion regime. Despite the very low nonlinear coefficient of Helium, a relatively strong SPM and a moderate pulse compression were observed because of the smaller effective area. Similarly to the above results, the output spectra are corroborated by the simulations (Fig. 7(b) ). In this configuration, the peak intensity transmitted over the 10 m of fiber reached 90 TW/cm 2 . A full theoretical account on the pulse propagation dynamics and on the fiber properties optimization for a given aim (i.e. maximizing the pulse compression for example) is beyond the present paper scope and will be the subject of a future publication. 
Fiber laser pen: fiber-aided micromachining
In this last section of the paper, we explore such unprecedentedly high energy level from an optical fiber delivered USP to demonstrate the concept of "fiber laser pen (FLP)" whereby laser micro-machining and micro-graving on several materials are achieved by a USP laser beam that is directly delivered from a HC-PCF output end and with no focusing lenses. The FLP was realized using a 10 m-long He-filled 19-cell HC-PCF. The fiber output pulse energy was set to below 400 µJ in order to make sure to be below the ionization regime. This configuration corresponds to a peak power intensity of ~20 TW/cm 2 representing an intensity level that is one order of magnitude higher compared to previous reports using hypocycloidcore HC-PCFs in femtosecond-regime [23] and in picosecond and nanosecond works [24] .
Several samples of silicon wafer, aluminium and silica were engraved. This was achieved by placing the HC-PCF output-end on a tip of a printing tracer. Figure 8(a) shows examples of laser scribing on the different above-mentioned materials. Furthermore, in order to illustrate the cold ablation regime of micro-graving, the scribing is carried out on the tip of a match (see Fig. 8(b) ). Finally, it is noteworthy that the engraving was performed directly from the fiber output tip, i.e. free of focusing optics, configuration possible thanks to the low numerical aperture of this fiber. Furthermore, several runs of engraving have been undertaken with the same fiber and with no recleaving to the fiber tip. This capability is illustrated in the video showing a scribing process on glass sheet (Fig. 9) . Ablation rate was then studied on the various materials for the same laser spot size and a constant 2 mm distance between the fiber tip and the material target. Figure 8(c) shows the ablation rate and Fig. 8(d) the drilling depth obtained for fiber output pulse energy range of 8 µJ-380 µJ. The minimum delivered pulse energy of 8 µJ was sufficient to perform precise graving of small patterns, less than 100 µm by 100 µm. A maximum ablation rate of 320,000
